The human cytomegalovirus UL34 gene encodes a sequence-specific DNA binding protein that downregulates expression of the viral immune evasion gene US3. Analysis of the viral genome identified 14 potential UL34 binding sites. Using mobility shift experiments, UL34 bound to all predicted sites that were assayed (7 of 14). Furthermore, the UL34 binding site present within the regulatory region of the US9 gene downregulates expression in a manner similar to that seen for the US3 gene.
A lthough human cytomegalovirus (HCMV) infects a large percentage of adults worldwide, it is most commonly an opportunistic pathogen, causing clinically significant disease in immunosuppressed or immunocompromised patients (1) . HCMV has a large double-stranded DNA genome (ϳ235 kb) that is divided by repeat elements into unique long (UL) and short (US) regions. In cell culture, gene expression occurs in a precisely regulated pattern during the 5-day replication cycle. Intriguingly, of the ϳ220 genes carried by the virus, only ϳ25% of the viral genome is required for replication in the laboratory (2, 3) . Included in the genes essential for viral replication is the UL34 gene.
UL34 is expressed from early times of infection throughout the viral replication cycle (4) . Two UL34 proteins, an early and a late protein, are synthesized from the UL34 open reading frame. The two proteins differ by 21 amino-terminal amino acids that are present in the early protein but absent from the late protein. As yet, the only known function for the UL34 proteins is the downregulation of one of the viral immune evasion genes, the US3 gene. The UL34 proteins are sequence-specific DNA binding proteins that bind to an element (the UL34 binding site) in the US3 gene to repress US3 transcription (Fig. 1A) (5) .
The US3 gene is located in a cluster of genes, US2 through US11 (6) , that encode short glycoproteins, many of which interfere with immune recognition of virally infected cells. The US3 gene delays the processing of major histocompatibility (MHC) class I molecules through the endoplasmic reticulum, thus delaying the presentation of viral antigen and the host recognition of infected cells (see reference 7 for a review). The US3 gene is an immediate-early gene, transcribed at high levels immediately after infection (8) . By 5 h postinfection, the interaction of UL34 proteins with the US3 gene results in a marked decline in the level of US3 transcripts.
Identification of multiple UL34 binding sites within the HCMV genome. The sequence-specific DNA binding activity of the UL34 proteins led us to examine the HCMV genome for other potential UL34 binding sites. Previous studies utilizing site-directed mutagenesis of the UL34 binding site in the US3 gene identified several critical nucleotides within the binding site (9) . Based on these studies, a 10-nucleotide core element that is critical for UL34-DNA interactions was identified. Using a motif search for the 10-nucleotide UL34 binding site, the HCMV genome was analyzed for other potential UL34 binding sites. Randomly, a 10-nucleotide element would appear only once within the HCMV genome. Our motif search identified an additional 13 occurrences of the UL34 binding site within the HCMV genome of strain AD169 (Fig. 1B and A search for predicted UL34 binding sites in two additional HCMV strains, Toledo (13) and VR1814 (14) , identified 15 predicted binding sites. The UL34 binding sites present in the Toledo strain matched those present in strain AD169, with the following exceptions. The Toledo strain lacked a binding site in UL37, and additional binding sites were present, one in the ori-lyt region and one 5= of the UL89 open reading frame. The clinical isolate VR1814 also contained 15 predicted UL34 binding sites; again, the binding site locations were conserved with the AD169 strain, with the following exceptions. In strain VR1814, the binding site within UL54 was absent and two binding sites were present, one in the ori-lyt region and an additional binding site located between UL139 and UL140. The conservation of the predicted UL34 binding sites among different HCMV isolates further supports an important role for UL34-DNA interactions during the viral replication cycle.
We examined the ability of UL34 proteins to bind to seven of the predicted binding sites, utilizing electrophoretic mobility shift assays. Because of the known transcriptional regulatory role of UL34, binding sites located within regulatory regions of HCMV genes were chosen for analyses, along with the predicted binding sites within the ori-lyt region. UL34 and the control protein, luciferase, were synthesized using in vitro transcription/translation reactions; protein products were analyzed by SDS-gel electrophoresis to confirm the synthesis of the proteins (data not shown). The in vitro-synthesized proteins were incubated with radiolabeled double-stranded oligonucleotides containing predicted UL34 binding sites ( Fig. 2A) . Oligonucleotide-protein mixtures were analyzed by gel electrophoresis. As illustrated in Fig. 2B , UL34 was able to bind to and alter the mobility of the oligonucleotides which contained a predicted UL34 binding site. The control protein, luciferase, had no effect on the migration of the radiolabeled DNA fragment. Titration of the amount of UL34 protein present in the DNA binding reactions altered the amount of the oligonucleotide shifted, as expected for a specific DNA-protein interaction. UL34 was unable to bind to DNA containing a mutated binding site (data not shown) (5) . These data demonstrated that UL34 binds specifically to sequences containing the 10-nucleotide core UL34 binding site. Although not all 14 predicted UL34 binding sites were examined for interactions with UL34, these data suggested that UL34 is likely to interact with all of the sites.
The UL34 binding site in the US9 gene contributes to downregulation. The frequency of predicted pUL34 binding sites within the HCMV genome suggested that they have a functional role in viral gene expression and replication. In addition to US3, two other genes in the US2-US11 gene cluster, the early genes US9 and US11, also have UL34 binding sites within their regulatory regions. US11 causes the dislocation of MHC class I molecules from the endoplasmic reticulum to the cytosol, where they are degraded (15) . US9 localizes to the endoplasmic reticulum, but the function of the protein is still unclear (16) . The locations of the UL34 binding sites within the US9 and US11 genes suggested that the interaction of pUL34 with these sequences might play a role in regulating gene expression (Fig. 3A) , potentially providing a mechanism for coordinately regulating expression of this gene cluster.
To assess the contribution of the UL34 binding sites to the regulation of US9 and US11 expression, reporter plasmids, in which expression of the reporter gene lacZ was regulated either by the US9 regulatory region (nucleotides Ϫ576 to Ϫ9 relative to the transcription start site) or by the US11 regulatory region (nucleotides Ϫ642 to ϩ10), were constructed. In addition, reporter plasmids that contained mutated UL34 binding sites, substituting nucleotides to create a nonfunctional pUL34 binding site, were constructed (Fig. 3B) . The resulting reporter plasmids were transfected into primary human diploid fibroblasts in the presence of the major immediate-early gene and with or without a UL34 expression plasmid. The levels of expression of the reporter gene lacZ were determined by assaying the amount of fluorescent cleavage product produced following incubation with medium containing methylumbelliferyl-␤-D-galactoside (MUG). As controls, the US3 reporter plasmids, which either contained or lacked a pUL34 binding site, were assayed for levels of lacZ expression in the same experiments. Experiments were repeated multiple times; the data presented in Fig. 3C depict the average values obtained in one experiment. The presence of UL34 markedly repressed the expression of the US3 promoter as previously shown (5); this repression was abrogated by mutation of the UL34 binding site (Fig. 3C) . Expression directed by the US9 regulatory region was slightly decreased by the expression of UL34 in the presence of either a wild-type or a mutant UL34 binding site. This mirrors the slight repressive effect of UL34 seen on the US3 reporter construct that contains a mutant UL34 binding site. The presence or absence of UL34 had no effect on expression from the US11 regulatory region, either in the presence or absence of a functional UL34 binding site (Fig. 3C) . Thus, although UL34 binds to sites within the US9 and US11 genes, no regulatory effect of UL34 was detected in transient-expression assays in the presence of the major immediate-early proteins.
We also assayed levels of expression from the US9 and US11 reporter plasmids in the presence or absence of viral infection. Reporter gene constructs were transfected into primary human diploid fibroblasts; cells were infected ϳ36 h after transfection. Reporter gene levels were measured 24 h postinfection as described above. Expression from the US3 promoter region resulted in low levels of reporter gene activity following infection; mutation of the UL34 binding site in the US3 regulatory region resulted in a 10-fold increase in expression (Fig. 3D) . Similarly, low levels of gene expression were detected from the wild-type US9 construct while mutation of the UL34 binding site resulted in an ϳ6-fold increase in levels of expression. In contrast, the wild-type and mutant US11 promoter regions directed similar levels of lacZ expression.
The UL34 binding site in the US11 regulatory region is located upstream of the TATA box (nucleotides Ϫ100 to Ϫ90) (Fig. 3A) , just 5= of the promoter region defined as critical for regulated gene expression (17) . Although UL34 binds to sequences within the US11 regulatory region, UL34 or mutagenesis of the UL34 binding site had no measurable effect on US11 expression (Fig. 3C and D) . The significance of the UL34-DNA interaction within the US11 regulatory region remains to be elucidated.
The UL34 binding site within the US9 regulatory region is located between the TATA box and the transcription start site (Fig.  3A) , similar to the position of the UL34 binding site present in the US3 gene. Although UL34 had no effect on expression from the US9 regulatory region in transient-transfection assays, viral infection markedly increased the levels of expression from the US9 promoter region in the presence of a mutated UL34 binding site. These data suggested that UL34-DNA interactions contribute to the regulation of the US9 gene in the context of viral infection. These data further suggest that additional viral proteins, proteins other than the major immediate-early proteins and UL34, contribute to the activation of US9 expression. Downregulation of the US3 gene is important for efficient viral replication (Z. Liu and B. J. Biegalke, unpublished results) ; the results presented here suggest that downregulation of US9 expression may also be important for efficient viral replication.
In summary, we have identified multiple UL34 binding sites within the HCMV genome; all seven binding sites tested interact with UL34 in electrophoretic mobility shift assays. These data suggest that UL34 will bind to all of the predicted binding sites, including the sites located within protein-coding regions. Although two of the UL34 binding sites, the US3 and US9 binding sites, contribute to transcriptional regulation, the frequency of the binding sites suggests that UL34 will play additional roles in viral replication. The functional significance of the other UL34 binding sites, in particular, those within open reading frames and those in the region containing ori-lyt, remains to be clarified.
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